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Agriculture plays a major role in the New Zealand (NZ) economy, earning NZ $15.25 billion per annum or 53% of total merchandise exports (Ministry of Agriculture and Forestry 2005) . Agriculture is, however, responsible for 49% of NZ greenhouse gas (GHG) emissions (New Zealand Climate Change Office 2004) . Methane emissions arising from enteric fermentation and animal waste make up 32% of national GHG emissions (New Zealand Climate Change Office 2004) and nitrous oxide the remaining 17% of emissions from agriculture. Monte Carlo analysis (Clark et al. 2003) indicates that the greatest uncertainty in the national CH 4 emissions inventory is that emitted from ruminant livestock. This is due to the large animal-to-animal variation in CH 4 emission expressed per kg dry matter intake (kg DMI) (Johnson et al. 1994; Lassey et al. 1997; Boadi et al. 2002a,b; Mbanzamihigo et al. 2002) .
The inter-animal variation in the quantity of CH 4 emitted per kg DMI applies to several animal species, periods in time and diets (Lassey et al. 1997; Pinares-Patiño et al., 2003a; Goopy and Hegarty 2004) . Measurements made using the SF 6 tracer technique appear to be more variable than measurements obtained using calorimetry. For example, Lassey et al. (1997) , McNaughton et al. (2005) , and Boadi and Wittenberg (2002) obtained coefficients of variation (CV) of 11.5, 15.5 and 25%, respectively, from SF 6 studies, whereas Blaxter and Clapperton (1965) quote values of 7-8% for calorimetry studies. Exploiting animal-toanimal variation in CH 4 emissions may provide a potential route for reducing CH 4 emissions from ruminants, but it is important to clearly separate any variation associated with the measurement technique from actual variation in CH 4 production.
The SF 6 tracer technique for calculating CH 4 emissions was developed by Johnson et al. (1994) and is the method of choice for grazing studies in NZ (Lassey et al. 1997) . It is the only method able to assess CH 4 emissions from individual ruminants under extensive grazing and for screening large groups of individuals simultaneously. A well-calibrated source of SF 6 released into the rumen headspace is critical to the efficacy of the technique. Permeation tubes that release the SF 6 are individually manufactured and assembled, and each tube has a unique release rate (Lassey et al. 2001) . Release rates are measured accurately (to 0.00005 g) through weekly weighing for at least 3 mo before insertion into an animal. Typical release rates from the permeation tubes in cattle are in the range 2-5 mg d -1 . It is not yet possible to manufacture permeation tubes to a specified SF 6 release rate, possibly due to non-uniformity of the Teflon membrane through which gas emerges from the permeation tube (Lassey et al. 1997) . It is well documented that CH 4 production is related to the level of feed intake (Blaxter and Clapperton 1965) , but it is not certain whether level of intake, and hence rumen outflow rate, affects the release of SF 6 in the breath. The technique relies on the assumption that all SF 6 released from the tube is entrained with rumen gases and expelled with those gases. Wilson and Mackay (1996) found that SF 6 did not adhere to solid organic phases of media in a laboratory experiment, but that it could partition to liquid organic phases. It has been reported that SF 6 is extremely stable in the atmosphere, and is soluble at trace levels in fresh water and seawater, with respective solubility coefficients 0.16 and 0.12 mol L -1 atm -1 at 39°C (Bullister et al. 2002) . As the partial pressure of SF 6 in the rumen is extremely low, very little would tend to be solubilised. On this basis, it is assumed in animal studies that there is no interaction between SF 6 and rumen contents.
This study was undertaken because evaluations of CH 4 emission from indoor experiments (Vlaming et al. 2005 ) and a cow grazing experiment (McNaughton et al. 2005 ) demonstrated a positive relationship between SF 6 release rate and calculated daily CH 4 emissions. Any bias associated with the technique would contribute to the uncertainty in the ruminant CH 4 inventory. The experiment reported here aimed to measure the extent to which the SF 6 release rate might influence calculated CH 4 production from individual animals. A secondary objective was to determine whether there is an interaction between feed intake and SF 6 release rate on CH 4 production.
MATERIALS AND METHODS

Experimental Design
An experiment was conducted at AgResearch Grasslands in Palmerston North, NZ, with 12 rumen-fistulated Hereford × Friesian steers in May 2004. Methane emissions were calculated using the SF 6 tracer technique developed by Johnson et al. (1994) and adapted for NZ grazing conditions by Lassey et al. (1997) . Either one or two permeation tubes were administered to individuals to estimate CH 4 emissions and to assess if there was an influence of absolute SF 6 release rate on calculated CH 4 emissions. Permeation tubes where chosen to cover the range in SF 6 release rates used in cattle experiments in NZ. The experiment ran for 4 wk, with the first 2 wk consisting of an adjustment period to the diet, facilities and CH 4 measuring equipment, with the measurements undertaken during the final 2 wk. Research was approved by the Crown Research Institute's Animal Ethics Committee and carried out under guidelines similar to those of the Canadian Council on Animal Care.
Twelve steers were allocated to two groups for the duration of the experiment and were offered either a low (maintenance) or high (twice maintenance) allowance throughout the experiment, calculated from their energy requirements (Standing Committee on Agriculture 1990). Within each feeding level group, the animals were randomly assigned to two SF 6 release rate groups. The mean SF 6 release rates (mean ± SEM) were 2.878 ± 0.051 and 7.336 ± 0.050 mg d -1 , achieved by administering either one or two permeation tubes to each animal. Consequently, there were four groups of three steers in each measurement period: low intake with low SF 6 release rate, low intake with high SF 6 release rate, high intake with low SF 6 release rate, and high intake with high SF 6 release rate. All tubes were recovered per fistula on day 19 and reallocated per fistula, so that steers that had a low release rate for the first measurement period had a high release rate for the second measurement period, and vice versa. Swapping of the permeation tubes was carried out within feeding level group.
Animals and Feeding
The steers had a mean weight of 409 kg (SD ± 25 kg) at the beginning of the 26-d experimental period. For the 14-d diet adjustment period the animals were fed in two groups on outdoor feed pads. During the measurement period (days 15 to 26) they were housed in individual stalls in a well-ventilated barn.
Steers had ad libitum access to fresh drinking water throughout the experiment. The diet (dry matter, DM, basis) consisted of 70% ensiled Lucerne (Medicago sativa), which contained small, but unknown, quantities of molasses (ChaffHage TM , The Great Hage Company, Reporoa, NZ), and 30% poor quality meadow hay (predominately Lolium perenne). Feed was weighed and offered twice daily at 0900 and 1600 in two equal quantities. Feed refused was collect-ed before the morning feeding each day, weighed, and subsampled for DM determination to calculate DM intakes. Feed refused for all animals was hay, apart from one animal on one day that didn't consume all of its Lucerne silage. Chemical composition of feed offered and refused was determined by near-infrared reflectance spectrometry (NIRS). Calibration of the NIRS for chemical composition was against a database of wet chemistry analyses. Organic matter digestibility for the hay was calibrated against values from in vivo digestibility experiments, while in vitro DM digestibility for the silage was calibrated against an in vitro method using cellulase enzyme solution and silage reference standards as controls (Corson et al. 1999 ). Composition of feed eaten was calculated from DMI and the chemical composition of the feed consumed.
Methane Measurements
Permeation tubes were administered to the animals on day 9 of the experiment. Methane emissions were measured (Lassey et al. 1997; ) between days 15 and 19 (period 1), and again for days 23-27 (period 2) following the exchange of the permeation tubes.
Gas samples were collected via a tube about 5 cm dorsal to the nostrils, held in place by a halter. A capillary tube restricted airflow to about 1 mL min -1 , delivered via a QuickConnect ® valve to a pre-evacuated PVC canister (yoke) mounted on the animal's back. The yokes were about half filled over the 24 h collection period and were fitted or exchanged at approximately 0900 daily during CH 4 measurements. Two background air samples were collected during each day from the barn.
Gas samples collected in the yokes were measured with flame ionisation and electron capture detectors for CH 4 and SF 6 , respectively, using a gas chromatograph (Hewlett Packard 5890 Series II). The NZ National Institute of Water and Atmospheric Research independently calibrated the gas chromatograph prior to the start of the experiment. The procedure involved a partial extraction of gas from the yoke and pressuring the sample with a pump system prior to analysis. A set of three standards was used for calibration against which both CH 4 and SF 6 were measured. The standards were run before and after the analysis of the 54 samples (yokes and background samples) from each measurement period, and one standard was included after every 10th experimental sample. Standards were analysed in triplicate, and samples in duplicate.
The release rate of the SF 6 tracer gas and the ratio of SF 6 to CH 4 in the breath were used to calculate the CH 4 emissions of each animal (Q CH4 ):
where [CH 4 ] and [SF 6 ] denote the concentrations in the yokes after background corrections, and Q SF6 is the release rate of SF 6 from the permeation tube(s).
Permeation Tubes
Permeation tubes were manufactured and calibrated by the NZ National Institute of Water and Atmospheric Research.
These tubes were charged with SF 6 in August and September 2003 with an average of 2.97 g SF 6 per tube. The tubes were kept in a 39°C environment (rumen temperature) and individually weighed at weekly intervals until placement in the steers for this experiment. Gravimetric weighing was used to calculate the SF 6 release rate from the tubes using 10 weights prior to insertion into the steers as recommended by Lassey et al. (2001) . Weight loss, and hence SF 6 release, was very constant over time with an R 2 > 0.995 for all tubes using linear regression.
Permeation tubes were recovered per fistula at the completion of the experiment and weighed for a further 5 wk to determine post-experiment release rates. The 10 pre-and 5 post-experiment weights were used to calculate a "corrected" SF 6 release rate during the experiment using the method described by Lassey et al. (2001) .
Statistical Analysis
The experimental design was a modified cross-over; a crossover for SF 6 release rate, but with animals on a set level of feeding for the duration of the experiment. Data were analysed using a general analysis of variance (ANOVA) to determine the effect of SF 6 release rate and feeding level on calculated CH 4 emissions (both g d -1 and g kg -1 DMI), using GenStat version 9 (GenStat Committee 2002). Treatment structure included the effect of feeding level, SF 6 release rate, and the interaction between feeding level and SF 6 release rate. Block structure included the effects of steer, time and the interaction between steer and time. Fourday mean DMI and CH 4 emissions for each steer were used in all analyses. Failure to collect a representative breath sample occurred on a single day each for four different animals and in these cases the CH 4 estimate is the mean of three daily samples.
RESULTS
Feed Intake
Steers fed at maintenance ate 95% of feed offered (5.85 kg DM ± SE 0.11) compared with 73% of feed offered in the high intake group (8.98 kg DM ± SE 0.16) (P < 0.001). The high intake group refused mainly hay, so their diet differed from those fed maintenance (Table 1) , with a lower fibre and higher crude protein concentration in the DM. Intakes were similar for the low and high intake groups in both measurement periods (Table 1) .
SF 6 Release Rate
Release rates calculated using 10 pre-experimental weights (low 2.878, high 7.336 mg SF 6 d -1 ) were slightly higher than release rates calculated with 10 pre-experimental and 5 post-experimental weights (low 2.800, high 7.182 mg SF 6 d -1 ). Methane emission calculated using the two different release rates were similar (pre-experimental weights 20.0 ± 0.5 g CH 4 kg -1 DMI, pre-experimental and post-experimental weights 19.5 ± 0.5 g CH 4 kg -1 DMI). The correlation between the two sets of results was 0.991 and the recommendation of Lassey et al. (2001) to use 10 pre-experimental weights for calculating SF 6 release rates for experiments within 4 wk of permeation tube insertion was followed.
Background Gas Concentrations
Background concentrations of both CH 4 and SF 6 were low relative to sample concentrations. Measured background values of both gases are shown in Table 2 . Average concentrations of CH 4 and SF 6 in collected samples for both the high and low SF 6 release groups are shown in Table 3 . The concentration of SF 6 in the collected breath sample was higher for the high SF 6 release group than for the low SF 6 release group, while CH 4 concentrations were very similar.
Methane
Both feeding level and SF 6 release rate significantly affected calculated CH 4 emissions (g d -1 ; P < 0.001; Table 4), although the effect of SF 6 release rate was greater at the high level of feeding (22% increase) than at the low level of feeding (16.5% increase).
When CH 4 emissions were expressed per kg DMI (CH 4 yield), feeding level no longer had an effect on calculated CH 4 yield (P > 0.05; Table 5 ). However, there remained a significant effect of SF 6 release rate on CH 4 emissions (P < 0.001) with values (g kg -1 DMI) about 19% higher when based on a high SF 6 release (21.8 g kg -1 DMI) compared to the low rate (18.3 g kg -1 DMI).
DISCUSSION
Our data provide direct empirical evidence of a positive relationship between SF 6 release rates and calculated CH 4 emissions (g d -1 and g kg -1 DMI) and confirms previous indications of positive relationships (McNaughton et al. 2005; Vlaming et al. 2005) . McNaughton et al. (2005) demonstrated a positive relationship in a grazing experiment involving 301 lactating dairy cows (R 2 = 0.15; P < 0.001), while Vlaming et al. (2005) reported regressions between SF 6 release rates and total daily CH 4 production that were different from zero in indoor experiments with non-lactating cows (P = 0.037), and sheep (P = 0.035). Our data further suggest that the influence of SF 6 release rates on g CH 4 kg -1 DMI does not depend upon the level of feeding.
The differences in calculated CH 4 kg -1 DMI, 19% when using a release rate of 7.336 mg d -1 vs. 2.878 mg d -1 , are not 5.78 9.09 z Meadow hay value is reported as organic matter digestibility, and converted to DMD using DMD = 0.939 × OMD + 3.67 (Ministry of Agriculture, Fisheries, and Food 1984) for the composition of diet eaten. DM, dry matter; ME, metabolisable energy; MJ, megajoule. easily explained. The positive relationship between SF 6 release rate and calculated CH 4 emissions, both as g d -1 and g kg -1 DMI, implies that for an increasing SF 6 release rate the ratio of SF 6 :CH 4 in the collected breath sample increases more slowly than the SF 6 release rate. This would indicate a lower SF 6 recovery at higher SF 6 release rates, which is not expected for a conservative tracer. It is not clear why this lower recovery would occur, and the opposite may be expected if SF 6 recovery was associated with adsorption onto digesta fractions in the rumen. However, adsorption onto digesta fractions seems unlikely as SF 6 does not adsorb onto solid organic phases of media (Wilson and MacKay 1996) and the very low concentration of SF 6 in rumen headspace gas (2-5 mg d -1 in 1000-1500 L of carbon dioxide and CH 4 d -1 in a cow) will have a negligible solubility (Bullister et al. 2002) . Preliminary measurements (Vlaming et al. unpublished data) have shown insignificant quantities of SF 6 in cow faeces (<1 × 10 -5 mg SF 6 d -1 ) and urine (~500 fmol SF 6 L -1 ), indicating that only minute quantities of SF 6 are voided by these alternative routes.
Background concentrations of both SF 6 and CH 4 were elevated relative to values obtained in grazing experiments and it is possible that this affected the results. Background levels of SF 6 and CH 4 are normally in the region of 11 ppt and 2 ppm, respectively, (Tavendale and Klein 2003) compared with the 34 and 10 recorded here. However, previous work in sheep using SF 6 permeation tubes with release rates <2.5 mg d -1 has shown that elevated backgrounds similar to those reported here had no significant effect on CH 4 estimates (Tavendale and Klein 2003) . In our experiment, although background concentrations of SF 6 and CH 4 were elevated, the collected breath sample concentrations were 7-to 10-fold higher than background concentrations and although an inadequate estimation of background concentrations cannot be entirely ruled out it seems unlikely that these elevated backgrounds had an influence on the estimated CH 4 emissions. Issues with background concentrations cannot explain the relationship between SF 6 permeation tube flow rate and estimated CH 4 emissions reported in a grazing experiment by McNaughton et al. (2005) .
The findings presented here demonstrate the need for diligence in the use of markers and may explain some of the additional variance associated with the SF 6 tracer technique (CV = 15.5%, McNaughton et al. 2005 ) compared with calorimetry (CV = 7-8%, Blaxter and Clapperton 1965) . However, the variability in CH 4 emissions attributable to using SF 6 permeation tubes with differing SF 6 release rates may in practice account for only a small proportion of the between-animal variation in calculated CH 4 emissions that is a feature of all CH 4 estimates obtained using the SF 6 technique (Vlaming et al. 2005) . This is because the 2.5-fold difference in SF 6 release rates used in our experiment is far higher than the range used in most situations. In one of the largest CH 4 experiments (300 cows) undertaken in New Zealand to date, a single batch of 355 permeation tubes were utilised (McNaughton et al. 2005 ) and Fig. 1 shows the distribution of SF 6 release rates from this batch of permeation tubes. It is clear that the vast majority of permeation tubes in this batch have a release rate between 3.0 and 5.0 mg SF 6 d -1 although a small number of tubes have release rates outside this range, with the distribution skewed towards a higher SF 6 release rate. Assuming a linear relationship between SF 6 release rate and calculated CH 4 emission, the difference in estimated CH 4 emissions between a 3 and a 5 mg SF 6 release rate would be approximately 8.5%. If the influence of SF 6 release rate on calculated CH 4 is linear across the range of tubes used in practice, there will be no effect of SF 6 release rate on average per-animal emissions estimated for a group of animals. However, the effect is important when comparing emissions from selected individual animals. Ulyatt et al. (2002) reported differences of up to 40% in CH 4 emissions from individual animals estimated using the SF 6 tracer technique and suggested that exploiting these differences is a possible way of mitigating enteric CH 4 emissions. If our findings are applicable in all situations some of these individual differences could be somewhat smaller once the influence of SF 6 release rate is taken into account. Between-animal variation also becomes of practical importance when comparing groups of animals or treatments, as it increases the number of animals required to detect treatment differences, and eliminating this source of variation will enable more efficient experimental design. A further implication of the influence of SF 6 release rate on CH 4 estimates is that considerable care needs to be taken when comparing values obtained using calorimetry with those obtained using the SF 6 tracer technique, since these comparisons will not be independent of SF 6 release rate. Further research is needed to confirm the findings presented here, establish the causes of the influence of SF 6 release rate and to define the range in SF 6 release rates that are able to provide robust and defensible estimates of CH 4 production from ruminants. 
